The evolving challenges associated with the development of poorly soluble drug molecules have been met with major advances in drug solubilization. In particular, amorphous solid dispersion technology is becoming an increasingly important option to enhance oral bioavailability by creating prolonged drug supersaturation to maximize the driving force for intestinal absorption. A primary concern in the development of amorphous solid dispersions is their physical stability, leading to increasing interest in predictive methodologies to assess the propensity for drug crystallization under various storage conditions. For most drug-excipient combinations of pharmaceutical interest, hydrogen-bonding is an important factor in determining miscibility, supersaturation potential, and the influence of water uptake during storage and after administration. The vast majority of publications to date have utilized mathematical models based on regular solution theory such as Flory-Huggins (F-H) theory to predict drug-polymer miscibility, despite the fact that they were never intended to be applied to hydrogen-bonded systems. In this commentary, regular solution theory is applied to simple hydrogen bonded alcoholalkane solutions to explore trends in the F-H χ interaction parameter and possible pitfalls in its interpretation. More recent models that explicitly allow for specific interactions merit greater attention.
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Because of the need to develop solution formulations for pharmaceutical agents intended for intravenous administration as well as the recognition that orally administered products must ultimately deliver the drug in solution form in order to achieve good bioavailability, pharmaceutical scientists have always sought better methods to predict, measure, and enhance the equilibrium solubility of new drug candidates. To that end, the contributions of Dr. Samuel Yalkowsky in developing the general solubility equation and its extensions 1 have had a major impact in the field. It is now clear that drug solubilization and solubility prediction have been moving targets over recent decades. As noted by Lipinski two decades ago, 2 the percentage of drug candidates having poor aqueous solubility that have emerged from modern drug discovery efforts has steadily increased in recent years. In 2010, Loftsson and Brewster 3 observed that "while 40% of currently marketed drugs are poorly soluble based on the definition of the biopharmaceutical classification system (BCS), about 90% of drugs in development can be characterized as poorly soluble". More recently Taylor and Zhang commented that while an equilibrium solubility of 100 µg/mL may have been considered to be highly insoluble in the 1990's, today's scientists "feel fortunate" if the aqueous solubility of a drug candidate is 10 µg/mL. 4 This evolving solubility challenge has been met with an increasing emphasis on the developability of drug candidates in early discovery 5, 6 as well as various advanced drug solubilization strategies. Among the latter, formulation approaches that lead to prolonged drug supersaturation to maximize the driving force for sustained intestinal absorption of an oral product 4, [7] [8] [9] or to allow sufficient time for injection after M A N U S C R I P T
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Numerous recent reviews summarize the process of amorphization, supersaturation potential, and stability/miscibility of ASDs. 4, [11] [12] [13] [14] Accompanying the increase in the number of patents and publications related to amorphous pharmaceutical dispersions has been a corresponding relative increase in the application of various solution theories or computational methods to predict the propensity for phase separation of the components in these mixtures. 12, 15 While several factors that can be broadly characterized as either kinetic or thermodynamic components are involved in stabilizing amorphous dispersions, it is generally assumed that the maximum physical stability defined in terms of inhibition of drug crystallization requires that the drug and excipient remain intimately mixed. Phase separation of the drug from its excipient may be the first step that ultimately leads to crystallization. Moisture uptake may induce phase separation either by increasing mobility in the ASD through effects on Tg, altering the solution thermodynamics of the system by increasing the free energy of mixing to the point where phase separation is thermodynamically favored, or both. The focus of this article is on predicting the driving forces for phase separation and eventual drug crystallization as governed by the thermodynamics of these metastable systems. The degree to which amorphous dispersions provide supersaturated solutions of the API also reflects the thermodynamic driving forces governing the drug's escaping tendency during the dissolution process.
Though not emphasized herein, the role of kinetic factors and mobility in determining both the shelf-life of ASD products and the extent to which the supersaturation potential can be realized and maintained cannot be overlooked. Readers may want to refer to numerous recent reviews addressing these kinetic factors. [16] [17] [18] [19] 
Regular Solution Theories to Predict Drug-Excipient Miscibility in ASDs
The vast majority of publications to date have utilized mathematical models based on regular solution theory to predict drug-polymer miscibility. Regular solutions differ from ideal solutions solely due to the enthalpy of mixing term. In ideal solutions the enthalpy of mixing, ∆H mix is always zero, so that the molar Gibbs free energy of mixing is determined entirely by the entropy of mixing, ∆S mix :
where R is the universal gas constant and x i is the mole fraction of component i in the solution. The change in the Gibbs free energy, ∆G mix , on mixing two components A and B at a given temperature T is then:
For an ideal solution ∆G mix is always negative (favorable) because the ideal entropy of mixing is positive (∆G mix = ∆H mix -T ∆S mix ). Thus, the components that form an ideal solution are always completely miscible.
The entropy of mixing can be readily derived from lattice models (for an introduction, see Dill & Bromberg 20 ) in which the components are assumed to be identical in size and each molecule is randomly placed into one site in the lattice until the lattice is completely filled. The entropy of mixing is determined by the number of distinguishable arrangements, W solution , of the A and B molecules on the lattice in the mixture where N A and N B are the numbers of molecules of each component.
Regular solutions deviate from ideality in that the change in enthalpy on mixing, ∆H mix , is not zero.
However, the entropy of mixing is assumed to be the same as that for an ideal solution as the interactions between the components are sufficiently weak that the random mixing found in ideal solutions is preserved. Strong interactions, such as hydrogen bonding interactions that lead to the formation of molecular complexes, cause deviations from the random mixing associated with the ideal entropy.
The enthalpy change on mixing two small molecules A and B derived from lattice models of regular solutions is 
The quantity χ AB , referred to as the exchange or interaction parameter, is a dimensionless quantity that reflects the difference between the AB contact energy and the average of the contact energies for each of the pure components A & B, ∆w (= w AB -½(w AA + w BB )), where z represents the number of sides (contacts) for each lattice site. The overall result for the free energy of mixing from the lattice model for regular solutions is therefore:
Flory-Huggins (F-H) theory represents an extension of the lattice theory for regular solutions to adjust for the size disparity between molecules in solutions containing one or more polymers. The lattice site in F-H theory typically represents a polymer segment and the probability that a given lattice site is occupied by a polymer segment takes into account the polymer chain connectivity. The change in free energy on mixing a drug and polymer (per mole of lattice sites) in F-H theory is then expressed in terms of the volume fractions of the drug and polymer (ϕ drug and ϕ polymer ) rather than mole fractions: [7] where m drug and m polymer are the ratios of the volumes of drug and polymer to that of a lattice site. The first two terms in the equation are the combinatorial or entropic contribution and the last term is the enthalpic contribution.
Solubility Parameter Method for Determining χ
The utility of regular solution theory in predicting miscibility depends on a reliable determination of the chi value. The solubility parameter approach has been one of the most popular methods for estimating the interaction parameter, χ, because it only requires knowledge of the properties of the pure components. The original Hildebrand solubility parameter for a given compound, δ, was defined as the square root of the cohesive energy density:
where ∆E v is the energy of vaporization and V m is the molar volume of the pure component in its condensed phase. In the development of solubility parameters, ∆w in Eq. 5 was approximated by assuming that w AB is equal to the geometric mean of w AA and w BB (i.e., w AB = (w AA· w BB ) 1/2 ). The result was that the interaction parameter, χ AB , could be determined solely from the Hildebrand solubility parameters of the two components in the mixture:
where ‫ט‬ is the volume of a lattice site and δ A and δ B are the pure component solubility parameters. The application of solubility parameters to pharmaceutical systems was reviewed by Hancock et al. 25 twenty years ago and the approach continues to be popular today, as documented in several recent reviews and research articles. 11, 12, 26, 27 .
A key shortcoming of the solubility parameter approach is inherent in the form of Eq. 9. Only positive values of χ AB result from the (δ A -δ B ) 2 term and therefore only positive deviations from the ideal free energy of mixing or Raoult's law are possible. In that sense, solubility parameter theory is the mathematical equivalent of the maxim "like dissolves like". it cannot account for negative deviations from Raoult's law that are the result of more favorable interactions between the drug and excipient such as the formation of hydrogen-bonded complexes. 28 Yet, despite the fact that the geometric mean assumption limits the utility of Hildebrand solubility parameters to systems in which relatively weak, nonpolar interactions dominate has been recognized for decades, 24 solubility parameter theory remains quite popular.
Recent publications in which the predictions of miscibility in ASDs using solubility parameter theory have been compared to other methods confirm its shortcomings. For example, Marsac et al. 29, 30 determined that both felodipine and nifedipine were miscible with PVP at all concentrations, contrary to predictions of solubility parameter theory. ASDs investigated in this author's laboratory using molecular M A N U S C R I P T
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dynamics simulations have consistently found that estimates of χ from solubility parameters fail to predict the free energies of mixing generated from F-H theory without the geometric mean assumption. 31, 32 Hansen solubility parameters represented an attempt to extend solubility parameter theory to include polar and hydrogen bonding interactions. 33, 34 Experimental miscibility data were represented in three-dimensional space with axes corresponding to partial solubility parameters describing dispersion (δ d ), polar (δ p ), and hydrogen bonding (δ h ) interactions. However, as pointed out by DeBoyace and Wilfong, 12 Hansen solubility parameters are only semi-empirical as there is "no thermodynamic justification for the separation" of the total solubility parameter into these three components. In particular, they noted that the hydrogen bonding component (δ h ) would not capture the requirement for different functional groups (i.e., a hydrogen bond donor and acceptor) to form a hydrogen bond between the API and excipient. Recognition of this problem led to further splitting of δ h into acidic and basic components. 35 Thakral and Thakral recently applied Hansen solubility parameters to screen 83 drugs for miscibility with polyethylene glycol, suggesting that this approach might be useful for rapidly excluding certain drugexcipient combinations. 36 The empirical nature of this approach, the proliferation of descriptors introduced in an attempt to overcome the limitations of the original solubility parameter theory, and the need for correspondingly large experimental data sets to obtain these parameter estimates limits the predictive value of this approach.
Assumptions in Lattice Theories for Regular Solutions
The lattice theory for regular solutions (Eq. 6) and F-H theory as described in Eq. 7 do not constrain the value of χ AB to positive values as imposed by the geometric mean assumption in solubility parameter theory, and thus it would appear to be suitable for application in a much wider array of pharmaceutical systems, including those having negative χ AB values that favor miscibility. However, there are other assumptions in the development of Eqs. 6 and 7 that merit further consideration. 20 One already mentioned is the assumption of ideal entropy. A second important assumption related to the first is the mean-field approximation or the Bragg-Willams approximation. This approximation leads to the mathematical form of the interaction parameter χ AB by assuming that the probability that a B molecule occupies a given specific site next to an A molecule is determined solely by the fraction of all sites M A N U S C R I P T
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occupied by B molecules (i.e., random mixing). Strong interactions such as hydrogen bonding violate both the ideal entropy assumption and the mean-field approximation. Another implicit assumption in the use of Eqs. 6 or 7 is that there is a single χ AB value applicable at all solution compositions. The attractiveness of this feature is that determination of a single χ AB value allows the prediction of APIexcipient miscibilities over the entire composition range.
The above assumptions also factor into the reliability of the interaction parameter values obtained from experimental data that may depend on the method employed. The challenges of generating reliable values of the interaction parameter from experimental data have been the subject of numerous original publications and reviews. 11, 12, 29 The difficulty stems in part from the lack of equilibrium in glassy matrices which precludes direct solubility measurements. Thus, methods such as melting point depression are employed to probe API-excipient miscibility under pseudo-equilibrium conditions 26, [37] [38] [39] or API solubilities are measured at room temperature in liquid solvents chemically similar to the polymer of interest (e.g., 1-ethyl-2-pyrrolidone as a chemical equivalent to polyvinylpyrrolidone (PVP)) to obtain estimates of χ.
38-41
Both approaches assume the ideal entropy of mixing term in the F-H equation in order to estimate the enthalpic contribution to the free energy derived from solubility measurements. Determining solubility in low molecular weight polymer analogues at room temperature offers the advantage of providing an estimate of χ AB that requires no temperature correction while the melting point depression method gives a value of χ AB at the melting temperature rather than at room temperature. Also, questions relating to whether or not equilibrium has been achieved in the melting point depression method remain a subject of debate.
Although the likely dependence of χ AB on temperature is not explicitly included in the fundamental equations stemming from lattice theory, the relationship between χ AB and ∆H mix (Eq. 4) and the likely temperature dependence of ∆H mix as determined by a probable change in heat capacity on mixing, ∆Cp mix , suggests how χ AB may depend on temperature. For example, the temperature dependence of the melting enthalpy, ∆H f , measured at the melting point of a pure crystalline API combined with the assumption that ∆Cp itself is independent of temperature, has been used to estimate the (ideal) solubility of an amorphous API relative to its crystalline counterpart, at any temperature. 4, 42 A similar relationship M A N U S C R I P T
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has recently been employed to describe the solubility of crystalline API, x API , in a non-ideal amorphous API/polymer liquid mixture.
where ∆H API s->l and ∆C p, API s->l are the changes in enthalpy and heat capacity for the transfer of API from the solid phase to the API/polymer liquid phase at the melting temperature, T m, respectively. ∆C p, API s->l for pharmaceutical materials is typically non-zero. γ API accounts for the activity coefficient of the API in the API/polymer liquid phase. Noting that ∆C p, API s->l is usually neglected in the application of F-H models,
Lehmkemper et al. 43 argued that it should be included to improve the accuracy of solubility calculations.
Note that if ∆C p for a given process is not zero, then both
Lin and Huang 45 adopted a less complex linear relationship between the F-H interaction parameter, χ, and 1/T than suggested by the above equation to predict the solubility of API in a polymer excipient at any temperature from the melting points of binary ASDs at varying composition as described in Eq. 11. A previously reported empirical linear relationship between χ and 1/T was assumed 23 from which two constants A and B could be determined by fitting the values of χ at varying composition to Eq.
11. The constant A is assumed to reflect a noncombinatorial entropic contribution while B relates to the enthalpic contribution. The constants are considered invariant with temperature and composition.
T B A + = χ [11] Values of χ used in Eq. 11 were estimated from melting point depression data for mixtures at varying
), where T m 0 is the melting point of the pure crystalline drug, T m (i.e., the value of T in Eq. 11) is the melting point in a drug/polymer mixture at a drug volume fraction of ϕ, m is the ratio of the volume of a polymer chain to that of the drug molecule, R is the gas constant, and ∆H f , the heat of fusion of the pure drug, which was assumed to be constant).
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The above experimental methods are indirect in the sense that χ is estimated from melting point depression after correcting for the ideal entropy of mixing combined with an empirical (non-ideal) entropy correction constant (A in Eq. 11). Accounting for the temperature dependence of χ AB through an empirical relationship diminishes to some extent the attractiveness of regular solution theories such as F-H theory to generate complete drug-excipient phase diagrams because now two parameters must be obtained from the experimental data, requiring expanded data sets. Moreover, Tian et al. 27 employed Eq.
11 and melting point depression data to construct phase diagrams for felodipine in three polymeric 47 observed that in polymer solutions χ AB has a complex dependence on many independent variables, with nine parameters necessary to describe the variation of χ AB with concentration and temperature at constant pressure. In a recent study of drug-polymer miscibility in ASDs, Baghel et al. 48 employed Eq. 11 but, citing Koningsveld et al., 49 they cautioned that χ AB displays a "non-trivial dependence on the temperature and volume fraction of the polymer". In using a ternary F-H model to generate χ drug-polymer values for cinnarizine in PVP and polyacrylic acid (PAA) from moisture sorption data, they were able to demonstrate a significant dispersions, even though the >NH group in felodipine is a much weaker hydrogen donor than the -COOH group in indomethacin. 32 In amorphous FEL, approximately 40% of the FEL >NH groups were found to be involved in hydrogen bonds with other felodipine molecules by MD simulation. These were replaced to some extent in a FEL-HPMC ASD (62%/38% wt/wt) containing only a trace of water while at a higher water content (10.5%), most FEL-FEL hydrogen bonds were disrupted to form hydrogen bonds with water.
Water uptake in ASDs leads to systems that most certainly deviate from the assumptions of regular solution theory. Molecular dynamics simulations of ASDs containing water conducted in our laboratory and others consistently indicate a strong tendency for water to form hydrogen bonded clusters even at relatively low water concentrations. 31, 32, 50, 52, 53 For example, in PVP at 0.5% water, individual water molecules were found to exist mostly as monomers hydrogen bonded to PVP with only a small fraction of water dimers. At 10% water, most water molecules were present in water clusters with each water molecule involved in hydrogen bonds to two adjacent water molecules plus an oxygen atom of a PVP >C=O.
Given the predominance of H-bonding APIs and excipients in ASDs that have been analyzed using regular solution lattice models such as the F-H theory along with the critical importance of water uptake, it might be instructive to test F-H theory in simpler equilibrium systems in which hydrogen bonding is known to play an important role. This author's introduction to pharmaceutical research many years ago involved studies of the self-association of alcohols in hydrocarbon solvents using solution calorimetry 68 and vapor-liquid equilibria.
69,70
The vapor-equilibria studies involved determination of relative alcohol vapor pressures by sampling the head space above solutions of various alcohols in isooctane and analyzing the vapor concentration of alcohol by gas chromatography. One alcohol in particular, octanol, has been particularly important in the pharmaceutical sciences as exemplified by the widespread adoption of the Hansch π values based on octanol/water partition coefficients as a measure of lipophilicity in the development of quantitative structure activity relationships. 
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of an API, are based on knowledge of the compound's melting point and lipophilicity, as measured by the octanol/water partition coefficient. In these equations, the transfer of API from its supercooled melt to water is approximated by the octanol/water partition coefficient. Thus, octanol is assumed to mimic the solvent properties of the supercooled melt of the API, regardless of the API's structure!
Application of Regular Solution Theory to Well-Known Hydrogen-Bonded Solutions
Our early work and that of others demonstrated that in hydrocarbon solvents, alcohols tend to self-associate to form cyclic n-mers. On average, primary alcohols varying in chain length from C3-C8
were found to preferentially form cyclic pentamers with increasing concentration in isooctane. 70 Moreover, plots of monomer concentration versus the total molar concentration of alcohol were superimposable up to one molar for all chain lengths, indicating that it is the -OH molar concentration that governs the thermodynamic activity of the alcohol. Pure octanol was found to consist largely of aggregates with less than 5% present as monomer. More recent experimental studies as well as MD simulations have generally confirmed these conclusions while adding more detail. MD simulations of pure octanol and hydrated octanol by MacCallum and Tieleman 74 suggested that a variety of structures co-exist in pure octanol with a large fraction of the octanol present in clusters of 4-7 molecules. The fraction of "free" hydroxyl groups (i.e., monomer) in pure octanol was 5.5% in the MD simulations, matching our earlier experimental results. Fouad et al. 75 recently combined their MD simulations with experimental data for the free monomer fraction in various binary systems of alcohol + alkane to demonstrate that the monomer fractions overlap when plotted against the molar concentration of association sites (rather than mole fraction or volume fraction). Fig. 2 are plots generated from a report by Gracia et al. 76 Third, the apparent temperature dependence of χ AB is rather small except in the range of high alcohol dilution (where self-association is becoming completely disrupted).
Shown in
More insight can be gained by examining vapor-liquid equilibria data generated by Van Ness et al. 77 for the thermodynamics of mixing ethanol and heptane. They combined heats of mixing from isothermal calorimetry over a temperature range of 10 °C to 75 °C with vapor pressures to obtain enthalpies, heat capacities, entropies, and free energies of mixing as well as the excess free energies and entropies. Shown in Fig. 4 are values for ∆H mix /RT (upper curves), ∆G mix /RT (middle curves), and - obtained from ∆H mix /RT also deviate from the F-H theory in that there is a marked composition dependence (recall that the mean-field approximation that provides the simple mathematical form for χ AB does not apply for hydrogen bonded systems). Unfortunately, the use of χ AB values obtained from enthalpies of mixing to generate free energies and miscibility information from F-H theory and assuming ideal entropies of mixing may also be problematic because the entropy term deviates significantly from ideality. Molecular dynamics simulations also generate χ AB directly from Helmholtz interaction energies M A N U S C R I P T
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(PV work is assumed to be negligible) and thereby also require an estimate of the entropy in order to convert χ AB values to free energies. Entropies may be determined if reliable estimates of heat capacities can be generated, but this demands highly precise enthalpy measurements.
While nearly all ASDs explored thus far are hydrogen bonded systems to one degree or another, the alcohol-hydrocarbon systems represent a simplified case study in that only one of the two components can form hydrogen bonds. Generally, both API and excipient (and water, if present) can participate in hydrogen bonding. Such systems are more complex than the examples explored above.
Nevetheless, the time has come for pharmaceutical scientists to move beyond models based on regular solution theory to explore models that take specific interactions into account.
A Sampling of Models That Include Specific Interactions such as Hydrogen-Bonding
Many refinements and extensions of the classical F-H lattice theory have been proposed over the years to address shortcomings in the original equation (Eq. 7) typically employed in modeling ASDs of pharmaceutical interest considered herein. Flory addressed self-association of solution components within the context of a lattice model by including additional n-mers each characterized by the same free energy change on dilution to a monomer standard state. 78 Kretschmer and Wiebe 79 applied the F-H expression for free energy to alcohol-hydrocarbon mixtures by assuming an equilibrium constant, K, for hydrogen-bond formation in terms of molarity rather than mole fraction concentrations. The same value for the equilibrium constant for formation of an additional H-bond was assumed regardless of n-mer size.
Experimental data for ethanol and methanol self-association in hydrocarbon solvents were fit to obtain values for K and the F-H exchange parameter. Both the energy of mixing and entropy of mixing terms were dependent on K. For a more comprehensive review of various association models see the book by Acree. [12] M A N U S C R I P T
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where the first term in brackets is Eq. 7 and the subsequent terms reflect the excess free energy of mixing attributable to A-B and B-B hydrogen bond formation, having the respective association constants K AB and K B . For mixing a polymer B that self-associates through hydrogen bonding with a polymer A that does not self-associate but forms A-B hydrogen-bonded complexes, the following form for ∆G H /RT was obtained: hydrogen bond with any B-nmer. The original theory has since been further refined. 85 and extended to two self-associating fluids 86, 87 and excipient-water interactions. 88 The equilibrium constants have been determined experimentally using various spectroscopic methods, most frequently by infrared spectroscopy. [89] [90] [91] The temperature dependence of the equilibrium constants must also be determined in order to construct phase diagrams at constant pressure. 92 The utility of the approach is often limited by the difficulties encountered in experimentally determining the needed equilibrium constants.
Off-lattice models in which molecules are distributed throughout continuous three-dimensional space are also gaining attention. One promising example that has attracted recent interest for predicting miscibility in pharmaceutical amorphous dispersions is the perturbed chain statistical association theory 96 in terms of two more parameters, an association energy parameter (ε AiBi /k) and an effective association volume related to the distance necessary to form a hydrogen bond, κ
AiBi
. Therefore, five parameters would be used to characterize a pure compound that interacts only through dispersion forces and hydrogen bonding. In predicting the phase behavior of several APIs, including indomethacin, in different polyethylene glycols, Prudic et al. 95 assumed that a res = a hc + a disp + a assoc (i.e., a polar was not included). Entire phase diagrams generated using PC-SAFT were judged to be in good accordance with the experimental data. While the authors did not compare their results to treatments using F-H theory, they noted that the parameters generated for pure components have a physical meaning and, once determined, can be used to predict the phase diagram for any combination of those components at any concentration, temperature, or pressure.
Later studies by some of the same authors have explored the phase behavior of indomethacin/ poly(lactic-co-glycolic acid) (PLGA) formulations as a function of the copolymer composition and molecular weight successfully modelled using PC-SAFTM A N U S C R I P T
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naproxen in polyvinylpyrrolidone (PVP), polyvinyl acetate (VAc), and polyvinylpyrrolidone/vinyl acetate (PVP/VA) copolymers. 98 The effect of absorbed water on the API solubility in the same polymers (PVP, VAc, and PVP/VA) was successfully predicted using PC-SAFT and the Gordon-Taylor equation, respectively. 99 Luebbert et al. 44 used PC-SAFT to model the solubilities of crystalline ibuprofen and felodipine in PLGA formulations by fitting a single binary interaction parameter to solubility data measured by DSC.
They then correctly predicted amorphous phase separation in ibuprofen/PLGA formulations and the absence of amorphous phase separation in felodipine/PLGA formulations. The ibuprofen/PLGA phase separation was more likely at higher drug loading. The predicted influence of the glycolic acid composition in the polymer on amorphous phase separation was in almost quantitative agreement with the experimental results.
Lehmkemper et al. 43 compared the predicted solubilities of acetaminophen and naproxen in PVP K25 and PVP/VA64 using three models: PC-SAFT, F-H theory, and an empirical model developed by one of the authors. 100 They then evaluated the abilities of these models to predict the influence of relative humidity (RH) on API solubility and long-term stability. All of the models were satisfactory in fitting the experimental solubility data which were only accessible by DSC at high temperatures but there were substantial differences in the model predictions at room temperature. Generally, the F-H model predicted a lower solubility at room temperature than PC-SAFT. The difference was attributed to the fact that PC-SAFT accounts for the temperature-dependence of hydrogen bond formation, resulting in higher predicted API solubilities using PC-SAFT. Stability studies at 60% or 75% RH and at temperatures in which supersaturated acetaminophen ASDs were not kinetically stabilized (i.e., above Tg) led to the conclusion that F-H theory underestimated the solubility of acetaminophen in both polymers while PC-SAFT reliably distinguished between stable amorphous systems and unstable systems prone to recrystallization. For naproxen ASDs, both F-H and PC-SAFT correctly predicted recrystallization in all samples during the stability study.
Finally, returning to alcohol self-association, Fouad et al. 75 recently demonstrated that the association term in PC-SAFT was necessary to account for the composition dependence of the activity M A N U S C R I P T
coefficients of short-chain primary alcohols (methanol through 1-butanol) in several alkane solvents in comparison to models that do not consider self-association (e.g., UNIQUAC). However, this work also provides insight into other aspects of PC-SAFT that may need refinement depending on the system under investigation. In the same study they also found that modifying PC-SAFT to include an additional term for long-range polar interactions (i.e., a polar ) significantly improved the predictions for the fractions of free monomer obtained experimentally from vapor-liquid equilibria and their temperature dependence. Also, selecting the correct number of association sites was found to be important, as a three-site association model for methanol was superior while a two-site model sufficed for the longer chain alcohols. Even with these refinements, Polar PC-SAFT significantly overpredicted the fraction of dimers in the self-associated alcohol-alkane systems in comparison to molecular dynamics simulations. This was taken as new evidence for the importance of modeling the cooperativity of hydrogen bonding to account for the polarization that results from H-bond formation, leading to an increased tendency to form further hydrogen bonds. Overall, this study illustrates that further refinements are likely as more systems are explored using PC-SAFT.
Concluding Remarks
In conclusion, for decades F-H theory has provided a foundation for predicting the thermodynamic stability of amorphous dispersions despite the fact that the theory was never intended for systems in which hydrogen bonding interactions are important, as is the case for most ASDs. Given the critical importance of the χ value, the single parameter in F-H theory necessary to predict miscibility or lack thereof, much emphasis has been placed on the most appropriate methods for obtaining a correct value for this parameter. Less attention has been paid to whether or not the underlying framework is adequate for these complex mixtures. Fortunately, new solution models based on more realistic , within PC-SAFT. 95 Reprinted with permission from Prudic et al. 95 Copyright 2014 American Chemical Society.
